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Abstract
Different brain structures accumulate iron at different rates throughout the adult life span. Typically,
striatal and brain stem structures are higher in iron concentrations in older than younger adults,
whereas cortical white matter and thalamus have lower concentrations in the elderly than young
adults. Brain iron can be measured in vivo with MRI by estimating the relaxivity increase across
magnetic field strengths, which yields the Field-Dependent R2 Increase (FDRI) metric. The influence
of local iron deposition on susceptibility, manifest as MR phase effects, forms the basis for another
approach for iron measurement, Susceptibility-Weighted Imaging (SWI), for which imaging at only
one field strength is sufficient. Here, we compared the ability of these two methods to detect and
quantify brain iron in 11 young (5 men, 6 women; 21 to 29 years) and 12 elderly (6 men, 6 women;
64 to 86 years) healthy adults. FDRI was acquired at 1.5T and 3.0T, and SWI was acquired at 1.5T.
The results showed that both methods detected high globus pallidus iron concentration regardless of
age and significantly greater iron in putamen with advancing age. The SWI measures were more
sensitive when the phase signal intensities themselves were used to define regions of interest, whereas
FDRI measures were robust to the method of region of interest selection. Further, FDRI measures
were more highly correlated than SWI iron estimates with published postmortem values and were
more sensitive than SWI to iron concentration differences across basal ganglia structures. Whereas
FDRI requires more imaging time than SWI, two field strengths, and across-study image registration
for iron concentration calculation, FDRI appears more specific to age-dependent accumulation of
non-heme brain iron than SWI, which is affected by heme iron and non-iron source effects on phase.
Introduction
Convergent postmortem (Hallgren and Sourander, 1958) and in vivo data indicate that deep
gray matter brain structures accumulate ferritin at different rates throughout adult aging
(Bartzokis et al., 1994; Bartzokis et al., 2007b; Bizzi et al., 1990). The structures affected
support motor functioning, and increasing iron deposition may contribute to age-related motor
slowing. Abnormal iron accumulation has been reported in neurological conditions involving
the striatum, including Parkinson's disease, multiple sclerosis, substantia nigra degeneration,
multisystems atrophy, Huntington's disease, and Hallervorden-Spatz syndrome (reviewed in
Bartzokis et al., 2007a; Bartzokis et al., 2007b; Brass et al., 2006; Haacke et al., 2005; Haacke
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et al., 2009; Mittal et al., 2009), and suggests that iron burden contributes to age- and disease-
related functional decline (Bartzokis et al., 2008; Sullivan et al., 2009).
Iron can be measured in vivo with MR imaging because of iron's effect on signal intensity,
causing signal darkening on T2* and T2-weighted images that is greater with increasing
magnetic field strength. By estimating the transverse relaxivity increase across field strengths,
the MR Field Dependent Relaxivity Increase (FDRI) can be calculated (Bartzokis et al.,
1993; Bartzokis et al., 2007b; Pfefferbaum et al., 2009). For example, acquisition of spin-echo
data with a constant TR and multiple echoes at 1.5T and 3.0T allows the computation of R2 at
each field strength, with the difference between R2s divided by the field strength difference
producing FDRI in units of s−1/Tesla.
In addition to affecting relaxivity, local iron influences MR gradient-echo image phase, which
forms the basis for another method for iron quantification, Susceptibility-Weighted Imaging
(SWI) (Haacke et al., 2005; Haacke et al., 2004). The paramagnetic properties of tissue ferritin
cause local field inhomogeneity that can be detected by examining the phase of the spins
computed from the relationship of the real and imaginary components of quadrature-detected
signal in a gradient-echo sequence. The phase of the spins at a given field strength and echo
time are influenced by iron concentration in each voxel. The ferromagnetic property of the iron
causes the protons to accrue more negative phase in iron-rich tissue in addition to off-resonance
phase accrued linearly with field strength and echo time. For a right-handed system,
reconstructed MR phase images typically yield positive phase values for white matter (less
iron), whereas deep gray matter structures tend to have negative phase (more iron). In addition
to iron content, the phase of the spins in a voxel can also be influenced by other sources,
including main-field inhomogeneities due to air-tissue interfaces, flowing or moving spins,
and the ratio of oxy- and dexoyhemoglobin. At optimal acquisition parameters, the more iron
in a voxel, the lower will be the measured phase (Haacke et al., 2004). An advantage of this
approach is that it does not require scanning at two field strengths (Haacke et al., 2007; Haacke
et al., 2005).
We compared the FDRI and SWI approaches to measurement of brain iron in regions known
to vary widely in their iron content—high in striatum and brain stem nuclei and low in white
matter—and affected differentially by age. To establish convergent validity of the results, we
correlated the regional iron values obtained with each acquisition method with published
postmortem values on regional brain iron (Hallgren and Sourander, 1958).
Methods
Subjects
Two groups of healthy, highly educated, right-handed adults were studied: 11 younger
(mean=24.0±2.5, range=21 to 29 years, 15.9 years of education; 5 men, 6 women) and 12 older
(mean=74.4±7.6, range=64 to 86 years, 16.3 years of education; 6 men, 6 women). The younger
subjects included laboratory members and volunteers recruited from the local community. All
older participants were recruited from a larger ongoing study of normal aging and scored well
within the normal range on the Dementia Rating Scale (Mattis, 1988): mean=140.6, range=132
to 144 out of 144, cutoff for dementia=124. Mean (and range) of days between 1.5T and 3.0T
scan acquisition were 16.5 (0 to 56) days for the young and 9.3 (0 to 42) days for the elderly
group; for 2 of the young and 8 of the elderly all scans were acquired on the same day.
Image Acquisition Protocols
MRI data were acquired prospectively on 1.5T and 3.0T General Electric (Milwaukee, WI)
Signa human MRI scanners (gradient strength=40mT/m; slew rate=150 T/m/s). In keeping
Pfefferbaum et al. Page 2
Neuroimage. Author manuscript; available in PMC 2010 August 15.
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
N
IH
-PA Author M
anuscript
with reports of Haacke and colleagues and in an effort to replicate published methods, we
collected SWI data at 1.5T (Haacke et al., 2009; Haacke et al., 2004; Ogg et al., 1999).
FDRI acquisition—At 1.5T, after autoshimming for the session, the following sequences
were acquired for 62 axial slices, each 2.5-mm thick: 1) 3D SPoiled Gradient Recalled Echo
(SPGR) for structural imaging and registration (TR/TE=8.1/3.3 ms, FA=30 degrees); 2) Multi-
shot Echo Planar Spin Echo (EPSE) (TR/TE 6000/17, FA=90 degrees, 256×192 inplane,
FOV=24 cm, 4 NEX, 24 interleaves with 8 phase-encode lines per TR, 9:40 min); 3) Multi-
shot EPSE (TR/TE 6000/60, FA=90 degrees, 256×192 inplane, FOV=24 cm, 6 NEX, 24
interleaves, 14:20 min).
At 3.0T, after autoshimming for the session, the following sequences were acquired in the axial
plane: 1) 3D SPGR for structural imaging and registration (TR/TE=8.1/3.3 ms, FA=15 degrees,
124 slices, 1.25mm thick) 2) Multi-shot EPSE (TR/TE 6000/17, FA=90 degrees, 256×192
inplane, FOV=24 cm, 3 NEX, 24 interleaves, 62 slices, 2.5mm thick, 7:10 min); 3) Multi-shot
EPSE (TR/TE 6000/60 ms, FA=90 degrees, 256×192 inplane, FOV=24 cm, 6 NEX, 24
interleaves, 62 slices, 2.5mm thick, 14:20 min).
SWI acquisition—At 1.5T, after autoshimming for the session, the following sequences were
acquired for 62 axial slices, each 2.5-mm thick: 1) 3D SPGR for structural imaging and
registration (TR/TE=28/10 ms, FA=30 degrees, 256×256 inplane, 24cm FOV); 2)
Susceptibility-weighted 3D SPGR (TR/TE=58ms/40ms, FA=15 degrees, 512×256 inplane,
24cm FOV, 12:20 min, with flow compensation (Haacke et al., 2007; Haacke et al., 2005); 3)
2D gradient-recalled echo sequence (TR/TE=600/3ms, FA=20 degrees); 4) 2D gradient-
recalled echo sequence (TR/TE=600/7ms, FA=20 degrees).
Phase images were constructed from the real and imaginary components of the SWI SPGR
data after the phase was unwrapped with PRELUDE [Phase Region Expanding Labeller for
Unwrapping Discrete Estimates (Jenkinson, 2003)]. The magnitude and phase-unwrapped SWI
data were down-sampled from 512×256 to 256×256 via averaging to match the FDRI
resolution. The complex-valued SWI data (magnitude and unwrapped phase) were then high-
pass filtered as described by Wang et al. (Wang et al., 2000) and Haacke et al. (Haacke et al.,
2007): a 3D low-pass Hanning filter multiplied the SWI data in k-space and the complex-valued
SWI data were then complex divided by the low-pass version in the image domain. The phase
of the resulting complex-valued images was used for subsequent analysis. The data were
analyzed with Hanning filter of both 64- and 96–pixel extent as recommended by Haacke et
al. (Haacke et al., 2007).
Image registration
For each subject, and for 1.5T and 3.0T separately, the late-echo EPSE data were nonrigidly
registered (Rohlfing and Maurer, 2003) to the early-echo EPSE data. This was necessary
because the two echoes arose from separate acquisitions, rather than a single dual-echo
acquisition, and were, therefore, not always perfectly aligned with each other. The 1.5T early-
echo EPSE image of each subject was registered to the 3.0T early-echo EPSE image of the
same subject, which was then registered nonrigidly to the subject's 3.0T SPGR image. The
3.0T SPGR image from each subject finally was registered nonrigidly to the SPGR channel of
the SRI24 atlas (Rohlfing et al., 2008). Via concatenation of the aforementioned registration
transformations, the 1.5T and 3.0T early-echo and late-echo images were all reformatted into
1-mm isotropic SRI24 space, each using a single interpolation with a 5-pixel radius cosine-
windowed sinc kernel. Reformatting both 1.5T and 3.0T data from each subject into SRI24
coordinates via that subject's 3.0T SPGR image (rather than separately via the early-echo EPSE
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images at each field strength) ensures that the unavoidable inter-subject registration
imperfections are consistent for images from both field strengths.
The 1.5T SWI magnitude images were rigidly registered to a simultaneously acquired structural
SPGR image, which was then registered nonrigidly to the same subject's 3.0T SPGR image.
The SWI-SPGR registration was limited to a rigid transformation because signal dropouts in
magnitude SWI due to B0 field inhomogeneities prevented nonrigid correction of the relatively
small distortions between SWI and SPGR. Again, via concatenation of transformations, the
phase images were reformatted into SRI24 space, again with a 5-pixel radius cosine sinc kernel.
All data were analyzed in common 1-mm isotropic SRI24 atlas space.
Region of interest identification
Voxel-by-voxel FDRI images (FDRI=(R23T – R21.5T)/1.5T) were created for each subject and
used to make a group FDRI average, comprising all young and elderly subjects. A similar group
average was made for the phase images, and separate young and elderly group averages were
made for display purposes (Figure 1).
Bilateral caudate, globus pallidus, putamen, thalamus, and white matter sample regions of
interest (ROI) were drawn (by A.P.) on the group-average (all young plus all old subjects)
FDRI images in common SRI24 space, reformatted in the coronal plane (Pfefferbaum et al.,
2009). The globus pallidus, putamen, caudate, and white matter sample were drawn on 10
contiguous, 1-mm thick slices at an anterior-posterior location that maximized the presence of
all three basal ganglia structures in the same slices. The thalamus was drawn on the next 10
contiguous slices posterior to the basal ganglia. The caudate was eroded one pixel and thalamus
was eroded two pixels on a slice-by-slice basis to avoid partial voluming of CSF. Substantia
nigra and red nucleus ROIs were also identified, based on their FDRI intensities (Figure 2).
For each subject and for each ROI at each field strength, the mean intensity of all voxels in an
ROI for the early- and late-echo EPSE were used to compute R23T and R21.5T and the FDRI
[(R23T – R21.5T)/1.5T]. SWI phase was computed as the phase in radians for all voxels
identified in each ROI.
The same ROIs (caudate, globus pallidus, putamen, thalamus, white matter sample, substantia
nigra, and red nucleus) were manually identified on the group-average SWI data (all young
and all elderly combined), reformatted in the axial plane (Ogg et al., 1999), and guided by
phase conspicuity. When drawing ROIs on the SWI data, attempt was made to exclude the
bright rims around the globus pallidus and putamen as well as the division between them.
Although this approach biases the data towards more negative phase values, it was done to
maximize the sensitivity of SWI to age effects. SWI phase was computed in radians for all
voxels identified on the group-average phase images, and FDRI was computed as above on
these ROIs.
Thus, both FDRI intensity and SWI conspicuity were each used to guide ROI delineation, and
FDRI and SWI were computed for both ROI approaches. Across the ROIs, FDRI ranged from
0.107 s−1/Tesla to 6.094 s−1/Tesla, and SWI phase ranged from −.480 to +.874 radians.
Statistical analysis
Two-group (young vs. elderly) by two-hemisphere (left vs. right) repeated-measures analyses
of variance (ANOVA) were conducted for each of the seven bilateral brain regions (globus
pallidus, putamen, caudate nucleus, thalamus, red nuclei, substantia nigra, and the white matter
sample) and each iron metric (FDRI and SWI) separately to test for group-by-hemisphere
effects. We did not expect group-by-hemisphere interactions, that is, we predicted that in
regions showing an age effect both hemispheres would be similarly affected by age. Taken
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from published results, we used a series of two group-by-two ROI ANOVAs to test the primary
hypothesis that both the globus pallidus and putamen would be high in iron concentration, but
that the putamen would have disproportionately more iron in the elderly than young group,
i.e., the group-by-ROI interaction would be significant. Additional group differences for each
ROI were examined with t-tests. Comparisons of the two iron indices with each other and also
with published postmortem values were based on nonparametric (Spearman) correlations.
Results
All ROI and statistical analyses were conducted twice, once on the FDRI-identified ROIs and
again on the SWI-identified ROIs. Higher FDRI and lower SWI values indicate greater
presence of iron; thus, we tested the hypotheses that, relative to the young group, the elderly
group would have higher FDRI and lower SWI in striatal and brain stem ROIs, but not in
thalamic or white matter ROIs. We also predicted that the ROI iron values would correlate
with published postmortem iron values (Hallgren and Sourander, 1958), with positive
correlations with FDRI and negative ones with SWI.
Group differences and ROI profiles: ANOVAs and t-tests
A series of group-by-hemisphere ANOVAs tested for differential laterality effects in the young
and elderly groups that would be supported by significant interactions. No consistent
asymmetries favoring one or the other group were identified; for only one interaction
(substantia nigra) was the p-value less than .05 (p=.0255). Thus, all subsequent analyses were
based on bilateral data, expressed as the mean of the left and right measures for each ROI and
are presented in Table 1. Two Hanning filter kernel sizes were used to calculate SWI data and
the results from each filter appear in Table 1, the figures, and the statistical analyses below.
The a priori hypothesis was that the globus pallidus would have higher concentration of iron
than putamen irrespective of age, but that the elderly group would have disproportionately
greater iron than the young in the putamen. Thus, we expected age group-by-ROI interaction
for iron concentration in these two structures.
FDRI-based ROIs (Table 1a)
FDRI—In support of our hypothesis, the group-by-ROI (globus pallidus vs. putamen) ANOVA
yielded a significant interaction (F(1,21)=4.794, p=.04) (Figure 3, top left). Follow-up t-tests
revealed that the elderly group had significantly higher FDRI (that is, evidence for more iron)
than the young group in the putamen (t(21)=4.150, p=.0005) and showed a trend in the same
direction for the globus pallidus (t(21)=1.942, p=.0656).
Group comparison for the remaining ROIs revealed that the FDRI values in striatal and brain
stem ROIs were higher in the elderly than young group, indicative of higher iron concentration,
and also for the red nucleus (t(21)=2.507, p=.0205) and showed a trend in the substantia nigra
(t(21)=2.033, p=.0549). Although FDRI was higher in the caudate of the elderly than the young,
the difference was not significant (t(21)=1.317, p=.202). By contrast, the FDRI values in the
thalamic (t(21)=2.070, p=.0509) and white matter (t(21)=1.868, p=.0758) samples tended to
be lower (indicative of less iron) in the elderly than the young group.
SWI—Lower SWI values are indicative of higher local iron concentration. The group-by-ROI
(globus pallidus vs. putamen) ANOVA yielded significant interactions for both filter sizes: the
64-pixel size kernel (F(1,21)=3.067, p=.0001) and the 96-pixel size kernel (F(1,21)=21.368,
p=.0001). Using t-tests, compared with the young group, the elderly group had evidence of
greater iron (i.e., lower SWI values) in the putamen (64 kernel t(21)=3.987, p=.0007; 96 kernel
t(21)=4.591, p=.0002) and the globus pallidus (64 kernel t(21)=3.067, p=.0059; 96 kernel t(21)
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=2.319, p=.0306). Although the group differences were significant for both regions (Figure 3,
top right), the ANOVA interaction was due to the fact that the globus pallidus measure indicated
significantly less iron in the elderly than the young group, and the mean phase was positive for
both groups and for both kernel sizes. The remaining ROIs showed no significant age
differences regardless of filter size.
SWI-based ROIs (Table 1b)
FDRI—The pattern of mean group differences was the same as for the values derived from
FDRI-based ROIs, with the only difference being in the robustness of the age effect, which
varied by ROI. The group-by-ROI (globus pallidus vs. putamen) ANOVA yielded a significant
interaction (F(1,21)=13.191, p=.0016) (Figure 3, bottom left). Further, the higher FDRI in the
elderly than young group was significant in the caudate (t(21)=2.186, p=.0403) and putamen
(t(21)=3.718, p=.0013) with a trend in the substantia nigra (t(21)=1.720, p=.1001). The
expected opposite effect, with lower FDRI in the elderly than young group, occurred in the
thalamus (t(21)=2.636, p=.0154) and white matter sample (t(21)=2.906, p=.0085).
SWI—The group-by-ROI (globus pallidus vs. putamen) interactions were significant for both
filter sizes: the 64-pixel size kernel (F(1,21)=7.1744, p=.0141) and the 96-pixel size kernel (F
(1,21)=5.882, p=.0244) (Figure 3, bottom right). The SWI values were indicative of
significantly more iron in the putamen (64 kernel t(21)=4.249, p=.0004; 96 kernel t(21)=4.88,
p=.0001) but not globus pallidus (64 kernel t(21)=.510, p=.616; 96 kernel t(21)=.717, p=.481)
of the elderly than the young group. The caudate also showed significantly more iron in the
elderly than young for the 96 kernel (t(21)=2.609, p=.0164) but not the 64 kernel filter (t(21)
=.924, p=.366).
The red nucleus is a small structure and radiologically heterogeneous, appearing as a bright
center and dark peripheral, densely vascularized component (Duvernoy) on phase SWI
(Manova et al., 2009). In acknowledgment of the differential effect such sharp signal
differences can have on phase, we divided the red nucleus into a center and a peripheral capsule
and calculated phase in each section. The central portion of the red nucleus was a 5 mm2 in-
plane sample in the center of the structure from the SWI-based ROIs and comprised
approximately 25% of the volume of the red nucleus, with the remaining 75% designated as
the capsule. Both kernel size analyses yielded the same pattern of results: SWI phase was
higher, indicative of less iron, in the center of the elderly than young (64 kernel t(21)=2.663,
p=.0146; 96 kernel t(21)=2.502, p=.0207); by contrast, the young and elderly groups did not
differ from each other in phase-detected iron in the capsule of the red nucleus (64 kernel t(21)
=.637, p=.531; 96 kernel t(21)=.941, p=.358).
Within and across FDRI and SWI values by ROI
To examine the consistency between iron estimates, we correlated the FDRI values derived
from coronal images with SWI values derived from axial images (based on the 64 and 96 kernel
filters separately) of the 23 subjects for each ROI and expected the correlations to be negative.
Regions with the highest iron content showed the highest negative correlations, which
improved with the kernel filter size. Specifically, the only correlations to reach the p=.05 level
of significance involved iron estimates in the globus pallidus (64-kernel ROI r=−.43, p=.0438;
96-kernel ROI r=−.56, p=.0086) and putamen (64-kernel ROI r=−.45, p=.0338; 96-kernel ROI
r=−.53, p=.0122).
Using ANOVA, the mean FDRI values across the 23 subjects produced significant differences
in iron concentration across the three basal ganglia structures (globus pallidus > putamen >
caudate, F(2,44)=265.05, p=.0001), whereas the phase measurement produced no significant
difference among these three structures (F(2,44)=.854, p=.4326).
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Correlations of FDRI and SWI values with postmortem iron concentrations
Figure 4 presents the mean±SD iron concentration determined postmortem in each ROI
(Hallgren and Sourander, 1958) on the X-axis and the mean±SD FDRI from FDRI-based ROIs
and SWI phase in radians from SWI-based ROIs in young plus elderly subjects on the Y-axis.
The relationship between the postmortem and in vivo FDRI data is virtually perfectly ranked
in order of magnitude (Rho=1.0, p=.0143), whereas the rankings between the postmortem and
in vivo SWI data were less than perfect but higher for the correlations based on the 96-pixel
kernel (Rho=−.82, p=.0442) than the 64-pixel kernel (Rho=−.43, p=.29).
Discussion
The accumulation of iron in the brain with advancing age can have significant effects on motor
and cognitive function (Bartzokis et al., 2008; Sullivan et al., 2009). The current study was
undertaken to examine the benefits and limitations of two currently used in vivo methods for
brain iron quantification—FDRI and SWI—with a direct comparison of the two different
methods in a within-subject design in healthy young compared with elderly men and women.
We delineated regions of interest based on the group average of all subjects for each method
and assessed the data with both methods: The FDRI regions of interest were based on our
previous study of normal aging (Pfefferbaum et al., 2009) and used a coronal slice orientation
for delineation; for SWI we used an axial presentation, following the mainstay of published
studies using the phase shift method (Haacke et al., 2009). Although this approach used the
dependent variable to define itself, it afforded the greatest chance of demonstrating signal
properties reflecting brain iron.
Non-heme brain iron in sufficient concentration to affect MR contrast resides in ferritin or
hemosiderin molecules (Schenck, 2003), which increase R2 and R2* (relaxivity). R2* effects
can be assessed by measuring R2* directly (Duyn et al., 2007), R2' (R2* – R2) (Gelman et al.,
1999; Graham et al., 2000), or through the effects on phase (Haacke et al., 2009; Ogg et al.,
1999; Yao et al., 2009). Both phase and R2 are affected by heme iron, i.e. deoxygenated
hemoglobin (Duyn et al., 2007), although phase much more so than R2. Deoxygenated
hemoglobin is less paramagnetic than oxygenated hemoglobin and influences phase, especially
as seen in vasculature. As noted by Duyn and colleagues (Duyn et al., 2007), phase contrast
observed in gradient-recalled echo images of the cortex could be caused by the relatively greater
blood volume in gray matter than white matter as well as by differences in ferritin content.
Additional gray matter/white matter phase contrast could be due to greater cholesterol-like
lipid content in myelin-rich white matter (cf., Duyn et al., 2007). Finally, phase effects can be
influenced by the geometric orientation of the structure relative to the magnetic field (Duyn et
al., 2007) and air/bone/tissue interfaces.
The water content of the tissue under examination may influence the R2-based measurement
approach. There is generally a decrease in R2 with advancing age in white matter and thalamus
but little age-related difference in striatal gray matter structures (Agartz et al., 1991; Breger et
al., 1991; Pfefferbaum et al., 2009; Siemonsen et al., 2008). By contrast, age-related R2*
decrease is prominent in the striatum (Siemonsen et al., 2008). The age-related decrease in R2
readily observed in white matter is presumably from increased interstitial fluid with an extreme
condition being leukoaraiosis. In fact there is evidence for age-related increased mean
diffusivity in both white matter and gray matter structurally, notably, the globus pallidus
(Pfefferbaum et al., 2009). If there is similar increase in interstitial fluid in the striatum, any
decrease in R2 could be counteracted by an increase in R2 caused by iron presence. Conversely,
age-related decrease in R2 would serve to cancel, to some extent, the R2 lengthening effect of
iron at a given field strength, but this effect would be somewhat mitigated by the FDRI
approach, which relies on a differential R2 effect across field strengths.
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Both FDRI and SWI successfully detected the high concentration of iron in the globus pallidus
regardless of age and the significantly greater presence of iron in the putamen with advancing
age. Compared with FDRI, however, SWI was less sensitive in other regions of the brain,
perhaps because iron deposition is not the only contribution to susceptibility-induced phase
effects, whereas a substantial influence of signal differences between field strengths is
attributable to iron concentration. Further, perhaps due to its higher spatial resolution, SWI is
more sensitive to subtle signal changes within a region than FDRI. For instance, the red nucleus
is highly visible, but there are variations in the SWI signal even in this small structure. Thus,
measurement of phase in the center of the red nucleus yielded different age effects from those
observed in the capsule, which more closely comported with in vivo FDRI results and published
postmortem values than did the center (Duvernoy, 1999).
When examining multiple regions of interest across the brain, it is clear that FDRI and SWI
do not measure the same tissue characteristics. In some parts of some structures, such as the
globus pallidus, negative phase was prominent, suggesting significant iron accumulation;
however, this phenomenon appeared in only part of the anatomical boundaries of the structure.
The putamen, residing just lateral to the globus pallidus, also showed significant signal
heterogeneity, with much less negative phase, if not positive phase, relative to the globus
pallidus. Although SWI's sensitivity to heterogeneity may well be a strength in high-resolution
detection of tissue differences, especially at high field strengths (e.g., at 7T; Duyn et al.,
2007), this heightened capability may be a liability when quantifying a single source of
susceptibility, such as iron.
Adjustment of filter kernel size in determining phase for SWI, as prescribed by Haacke and
colleagues (Haacke et al., 2009; Haacke et al., 2004; Wang et al., 2000), changed the sensitivity
of the measure to detect iron. Filter kernel size has a different impact on structures of different
size and on the ability to remove artifact due to air/tissue interface, especially in frontal brain
regions as they affect the phase observed in the caudate nucleus. Specifically, application of a
64-pixel kernel yielded a higher estimate of iron in the putamen of elderly relative to young
adults, and a 96-pixel kernel solution provided similar age effects. A caveat, however, is that
phase was sensitive to the age-related differential detection of iron in regions measured on
axial slices, the plane of SWI acquisition used herein and in the mainstay of published studies
using the phase shift method, but iron measured on reconstructed coronal images only
inconsistently comported with results based on axial measures. In contrast with this SWI
restriction, iron measured with FDRI was little affected by plane of measurement with respect
to plane of acquisition. This lack of robustness to plane of iron measurement relative to plane
of data acquisition is likely influenced by the heterogeneity of phase within structures.
The data reported here were collected on normal volunteers who did not present with
complaints of brain pathology, and the data are meant to be an exposition of “normal aging”
effects. The greater presence of iron detected with SWI phase in the putamen of elderly
compared with young adults comports with the prominent age effect reported by Xu et al. (Xu
et al., 2008). Unlike Xu et al. who reported higher iron levels in the left than right hemisphere,
the age and iron effects we observed were bilateral. The sensitivity of the two iron measurement
techniques to pathology might be quite different. SWI, especially with high spatial resolution,
might be very sensitive to hemosiderin from small infarcts (Mittal et al., 2009) that are
undetected by FDRI. Indeed, SWI phase measures are exquisitely sensitive to both heme and
non-heme iron and other tissue properties, such as membranes relatively rich in vasculature
and junctions between tissue compartments. The non-iron sources of phase effects, however,
confound its use as a global survey measure of age-dependent acceleration of brain iron
deposition. Nonetheless, SWI could be useful in longitudinal study, where brain changes are
assessed on a within-subject basis.
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The aging effects, which we have previously demonstrated in a study based on legacy data
acquired with sequences less optimal for iron detection and quantification (Pfefferbaum et al.,
2009), were replicated herein with new FDRI measures, including the readily visualized
increase in FDRI signal in the putamen in the older subjects (also see Bartzokis et al., 2007a).
This age effect was also demonstrated with SWI. A further source of convergent validity of
the FDRI measure was its high correlation with the published postmortem data on regional
brain iron (Hallgren and Sourander, 1958). Although improved with a larger kernel size filter,
the regional SWI correlation with postmortem data did not reach the level achieved with the
FDRI measures, and the lack of distinction across the basal ganglia structures calls into question
the generalized use of this method across the brain for iron quantification.
We conclude that, for quantifying brain iron concentration, advantages of SWI include the
need for only one field strength scanner and the ability to achieve high spatial resolution in
much shorter acquisition time (12 min) than FDRI (45 min). Advantages of FDRI include its
greater specificity than SWI for detection of non-heme iron as based on correlation with
postmortem data across multiple iron-rich brain structures. The limitations of the SWI iron
approach in the current data set do not appear to be attributable to inadequate accuracy from
low SNR, which could be improved by acquiring data at higher field strengths, but rather the
lack of phase uniformity across a given structure. To the extent that SWI measures iron, SWI
may be adequate for detecting age-related differences in iron concentration in some structures
or some parts of a structure. By contrast, for multiple structure analysis and whole structure
quantification of iron, FDRI is preferred.
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Figure 1.
Young (left) and elderly (right) group averages for FDRI images (top) and SWI images with
64-pixel kernel (middle) and 96-pixel kernel Hanning filters (bottom). Greater iron
concentration yields higher (brighter) FDRI signal but lower (darker) SWI phase signal.
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Figure 2.
Examples of FDRI conspicuity for three striatal and two brain stem regions for young (left)
and elderly (right) groups.
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Figure 3.
Top: Iron values obtained from FDRI-based ROIs (left) and SWI-based ROIs with the 64-pixel
kernel (middle) and 96-pixel kernel (right): Mean±SE FDRI in s−1/Tesla (left) and SWI phase
in radians (middle and right) of the globus pallidus and putamen in young and elderly groups.
Bottom: Iron values obtained from SWI-based (axial) ROIs.
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Figure 4.
Mean±SE SWI phase in radians (left for the 64-pixel kernel and right for the 96-pixel kernel)
of the center and capsule of the red nucleus in young and elderly groups.
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Figure 5.
X-axis: Mean±SD iron concentration (mg/100g fresh weight) determined postmortem in each
ROI (Hallgren and Sourander, 1958). Y-axis: Mean±SD FDRI in s−1/Tesla (left) from FDRI-
based ROIs and SWI phase in radians (middle and right) from SWI-based ROIs in young plus
elderly subjects; the gray circles indicate the mean of the young group, and the open circles
indicate the mean of the elderly group.
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